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Oligomeric structures of the four LOV domains in Arabidopsis phototropin1 (phot1) and 2 (phot2)
were studied using crosslinking. Both LOV1 domains of phot1 and phot2 form a dimer indepen-
dently on the light conditions, suggesting that the LOV1 domain can be a stable dimerization site
of phot in vivo. In contrast, phot1-LOV2 is in a monomer–dimer equilibrium and phot2-LOV2 exists
as a monomer in the dark. Blue light-induced a slight increase in the monomer population in phot1-
LOV2, suggesting a possible blue light-inducible dissociation of dimers. Furthermore, blue light
caused a band shift of the phot2-LOV2 monomer. CD spectra revealed the unfolding of helices
and the formation of strand structures. Both light-induced changes were reversible in the dark.
Structured summary:
MINT-6823377, MINT-6823391: PHOT1 (uniprotkb:O48963) and PHOT1 (uniprotkb:O48963) bind
(MI:0407) by cross-linking studies (MI:0030)
MINT-6823495, MINT-6823508: PHOT2 (uniprotkb:P93025) and PHOT2 (uniprotkb:P93025) bind
(MI:0407) by cross-linking studies (MI:0030)
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Phototropin (phot) [1] is a blue light receptor in plants regulat-
ing a variety of physiological activities for maximizing the efﬁ-
ciency of photosynthesis, such as phototropic responses [2],
chloroplast relocation [3], stomata opening [4], and leaf expansion
[5]. Most higher plants, including Arabidopsis thaliana (At), have
two isoforms named phototropin1 (phot1) and phototropin2
(phot2) which share the physiological functions. Phot1 senses blue
light in a wide range of light intensity, whereas phot2 acts as a
high-light sensor. Phot molecules comprise about 900–1000 amino
acid residues and have two photoreceptive domains named LOV1
and 2 in their N-terminal halves that binds ﬂavin mononucleotide
(FMN) noncovalently as a chromophore. The C-terminal half of
phot forms a serine/threonine kinase domain [6].
Blue light initiates a unique photochemical reaction-cycle
through the formation and disappearance of a cysteinyl-ﬂavinchemical Societies. Published by E
liana; CD, circular dichroism;
onucleotide; GA, glutaralde-
n, and voltage-sensing; neo1,
hototropin; phot1, phototro-
cattering; UV, ultraviolet
tomi).adduct between the FMN and a highly conserved cysteine residue
in the light, oxygen, and voltage-sensing (LOV) domains [7]. This
induces autophosphorylation of phots [8], as well as phosphoryla-
tion of an artiﬁcial substrate [9]. Thus, phot is thought to be a light-
regulated protein kinase. In this photoregulation, LOV2 is reported
to act as a major molecular switch [8,9], while LOV1 is thought to
regulate the sensitivity to blue light [9].
Understanding the distinct roles and structures of each LOV do-
main will shed light on the molecular mechanism of the light-sig-
nal perception of plant phot. Two papers report that LOV1 and
LOV2 have different oligomeric structures, suggesting a possible
role of LOV1 as a dimerization site in phot molecules [10,11]. How-
ever, the data in these reports are inconsistent. In Avena sativa (As)
phot1, LOV1 is in a mixture of monomers and dimers, and the pop-
ulation of the dimer increases as the preparation ages in the dark,
while LOV2 remains in a stable monomeric form, as shown by gel
ﬁltration [10]. In Atphot, however, small angle X-ray scattering
(SAXS) has revealed that both LOV1 and LOV2 of phot1 form di-
mers, and in contrast, LOV1 and LOV2 of phot2 exist as dimers
and monomers, respectively [11]. One possibility for these incon-
sistencies is the different concentrations of the samples used for
the experiments. In the present report, the oligomeric structures
of the four LOV domains of Atphot were studied using a chemical
crosslinking technique by varying the concentration of the sample
and the light conditions systematically.lsevier B.V. All rights reserved.
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2.1. Preparation of Atphot-LOV polypeptides
DNA fragments encoding Atphot1-LOV1 (amino acids 180–
329), Atphot1-LOV2 (449–586), Atphot2-LOV1 (117–265), and At-
phot2-LOV2 (363–500) were cloned into the bacterial expression
vector pGEX4T1 (Amersham) and expressed as fusion proteins to
N-terminal glutathione S-transferase (GST) in JM109 Escherichia
coli cells. The cells were grown at 310 K in LB medium contain-
ing 50 lg/ml ampicillin until A600 reached 0.5, and then incu-
bated at 297 K for 20 h in darkness with 0.1 mM isopropyl b-D-
thiogalactopyranoside. The following puriﬁcation procedures
were carried out at 273–277 K under dim red light. Bacterial
cells were collected by centrifugation, washed with phosphate-
buffered saline (PBS) and lysed in the presence of 1 mM phen-
ylmethanesulfonyl ﬂuoride by sonication. The supernatant was
mixed with glutathione-Sepharose 4B (Amersham). After the re-
sin was washed with PBS, the LOV polypeptides were cleaved
from the GST tag with thrombin which left ﬁve amino acid res-
idues (Gly-Ser-Pro-Glu-Phe) on the N-terminal end. Since phot2-
LOV1 has an endogenous thrombin cleavage site in the N-termi-
nal region, phot2-LOV1 was treated by thrombin extensively to
make it a single component of 120 V–265 K. The dissociated
polypeptides from the resin were puriﬁed further by gel chroma-
tography on a Sephacryl S-100 HR column (Amersham) equili-
brated and eluted with a 100 mM NaCl, 20 mM NaHPO4, (pH250
150
100
75
50
37
25
15
20
kDa
***
**
*
Dark Light Light-Dark
A    B   C   D   E A    B   C   D   E A    B   C   D   E
C
kDa
Dark Light Light-Dark
A    B   C   D   E
****
**
250
150
100
75
50
37
25
15
20
*
A    B   C   D   E A    B   C   D   E
A
Fig. 1. Crosslinking of Arabidopsis phot1-LOV1 (A), phot2-LOV1 (B), phot1-LOV2 (C), and
SDS–PAGE gels. For light conditions of dark, light, light-dark and other details, see Section
were 25, 12.5, 6,25, 3.13 or 1.57 lM as shown in lanes A, B, C, D and E, respectively. Non
monomers (one), dimers (two), trimers (three) and tetramers (four).7.8) solution. The eluted protein showed a single band in SDS–
PAGE gels stained with Coomassie brilliant blue, except for
phot1-LOV2, which had a small amount of degradation. The puri-
ﬁed polypeptides were concentrated by ultraﬁltration and stored
at 277 K until use.
2.2. Crosslinking
For crosslinking, glutaraldehyde (GA) (Sigma–Aldrich) was
used. Protein concentrations of the four LOV polypeptide stock
solutions were determined using the reported molar absorption
coefﬁcients at FMN absorption peak [12]. The stock solutions were
diluted with the same buffer used for column chromatography. The
ﬁnal concentration of GA was set to 5 mM. Crosslinking was per-
formed under three different light conditions. (1) Dark: GA was
added under dim red light and incubated in the dark for 1 h; (2)
Light: after preirradiation for 1 min by blue light, GA was added
and incubated under blue light for 1 h; (3) Light-Dark: after the
same blue light treatment as that of the Light sample in the ab-
sence of GA, the sample was kept for 15 min in the dark. Then,
GA was added under dim red light and incubated for 1 h in the
dark. The crosslinking reactions were stopped with SDS–PAGE
sample buffer and the polypeptide samples were subjected to
SDS–PAGE. Polypeptide bands were visualized with Coomassie
brilliant blue staining. Blue light (150 lmol photons m2 s1 at
the sample position) was supplied with an LED illuminator (ISL-
150X150-88, CCS Inc. Japan, kmax at 475 nm).*
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phot2-LOV2 (D) at 293 K with GA detected by Coomassie brilliant blue staining of
2. The concentrations of the LOV polypeptides in the crosslinking reaction solutions
indicates the original sample used for crosslinking. Asterisks indicate the position of
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CD spectra of phot2-LOV2 in PBS solution were measured in the
far UV (180–260 nm) region at 273 K with a spectropolarimeter
(J820, JASCO) equipped with an electric temperature-controlling
system under ﬂowing N2 gas. The optical pathway was 0.1 cm
and the concentration of the phot2-LOV2 sample was 7.4 lM. For
each measurement, 10 spectra were collected and averaged. Sam-
ple spectra were obtained by subtracting the spectra of the sample
buffer. Setting the cuvette and measuring CD spectra were carried
out in darkness. Between every measurement, samples were kept
in darkness for 5 min. The measuring light from a spectropolarim-
eter in the far UV region has little actinic effect on the UV–visible
absorption spectra of phot2-LOV2 solutions as measured with a
spectrophotometer (U-3010, Hitachi). To obtain the CD spectra of
the light-activated state, a scan was started immediately after blue
light irradiation for 1 min during which the CD measuring light
was shuttered. For blue light irradiation, a handmade LED illumi-
nator (kmax at 467 nm) was used that was set beside the sample
cuvette in the spectropolarimeter (150 lmol photons m2 s1 at
the sample position). To avoid the effect of dark recovery during
the measurements, CD spectra were measured at 273 K to slow
down the dark recovery from a half life of 5–28 s (data not shown),
and a single scan was completed within 9.6 s. Besides the retarded
dark recovery, UV–visible absorption spectral changes by blue light
were almost the same between 298 K and 273 K.
The secondary structure composition of Atphot2-LOV2 was pre-
dicted based on the CD spectra from 190 to 240 nm using the On
Line Circular Dichroism Analysis, DICHROWEB (http://dichro-
web.cryst.bbk.ac.uk) [13]. Input and output units, and the wave-
length step were h (mdeg) and 1.0 nm, respectively. The
algorithm used was CDSSTR [14] and reference database was
SP175 [15].
3. Results
3.1. Oligomeric structure of LOV1 domains
Crosslinking showed that almost all the phot1-LOV1 molecules
form dimers in the dark independently for all sample concentra-
tions measured, although the polypeptide bands became smeared,
probably due to heterogeneous crosslinking (Fig. 1A, left). Light
irradiation had little effect on the oligomeric state (Fig. 1A, middle
and right). Similarly, the majority of phot2-LOV1 molecules were
dimers in the dark at all concentrations measured (Fig. 1B left).
Blue light hardly changed the oligomeric patterns (Fig. 1B, middle
and right) as in the case of phot1-LOV1.250
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Fig. 2. Crosslinking of Arabidopsis phot1-LOV2 at 293 K with GA detected by
Coomassie brilliant blue staining of SDS–PAGE gels. For light conditions and
asterisks, see the legend to Fig. 1. The concentrations of phot1-LOV2 in the reaction
solutions were 350, 35, 7 or 3.5 lM as shown in lanes F, G, H and I, respectively.3.2. Oligomeric structure of LOV2 domains
Phot1-LOV2 is a mixture of monomers and dimers with a trace
amount of trimer in dark conditions (Fig. 1C, left). The monomer
band became slightly thicker upon blue light irradiation (Fig. 1C,
middle) which was reversible in the dark (Fig. 1C, right). The pop-
ulation of dimers in the mixture increased as the sample concen-
tration increased. To measure this quantitatively, SDS–PAGE was
performed so that the monomer bands show the same thickness
by Coomassie staining (Fig. 2). The increase in the monomer to di-
mer ratio clearly shows that the increase of the dimer population
depends on the increase in sample concentration, indicating that
pho1-LOV2 is in a dissociation–association equilibrium between
monomers and dimers.wavelength (nm)
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Fig. 3. (A) Blue light-induced shift of Arabidopsis phot2-LOV2 monomer bands. The
samples used in Fig. 1D lanes A of dark (D), light (L), and light-dark (L-D) were run
on SDS–PAGE and visualized by Coomassie brilliant blue staining. (B) CD spectra of
Arabidopsis phot2-LOV2 solution at 273 K in the dark (black line) and after 1 min
blue light irradiation (gray line). (C) Light minus dark difference CD spectrum of (B).
Table 1
Secondary structure composition of Arabidopsis phot2-LOV2 estimated from the CD
spectra shown in Fig. 3B using the online CD analysis site, DICHROWEB (http://
dichroweb.cryst.bbk.ac.uk).
Helix 1 Helix 2 Strand 1 Strand 2 Turns Unordered Total
Dark 0.20 0.17 0.07 0.06 0.14 0.36 1
Light 0.17 0.15 0.10 0.07 0.14 0.37 1
Helix 1, Helix 2, Strand 1 and Strand 2 indicate a regular a-helix, distorted a-helix,
regular b-strand and distorted b-strand, respectively. For details of the analysis, see
Section 2.
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amounts of dimer under dark conditions in all concentrations mea-
sured (Fig. 1D, left). Interestingly, there seem to be two bands over-
lapping in the monomer band. Blue light did not alter the
oligomeric pattern; however, it did induce an increase in the lower
molecular weight species (Fig. 1D, middle). This increase is revers-
ible in the dark (Fig. 1D, right).
3.3. CD spectra of phot2-LOV2
To discover the origin of the blue light-induced shift of the
monomer band of phot2-LOV2 (Fig. 3A), CD spectra were measured
in the dark and after irradiation (Fig. 3B). The two negative peaks at
222 nm and 208 nm lost their intensity by 14% and 19%, respec-
tively, suggesting a loss of helicity and the positive peak at around
190 nm showed a small red shift (Fig. 3B, black and gray lines and
3C). These blue light-induced CD changes were reversed after leav-
ing the sample in the dark. To analyze the changes quantitatively,
the CD spectra were decomposed into Helix1, Helix2, Strand1,
Strand2, Turns and Unordered (Table 1). The analysis indicates that
both Helices I and II decreased by 3% and 2%, respectively, and
Strands I and II increased by 3% and 1%, respectively, upon blue
light-activation. Taken together, the results suggest a blue light-in-
duced unfolding of a-helices and the formation of a b-sheet.
4. Discussion
4.1. LOV1 as a dimerization site
The present results clearly show that LOV1 of both Atphot1 and
2 form dimers in solution in a wide rage of concentrations (Fig. 1A
and B). Recently, our group solved the crystal structure of Atphot1
and 2 [16]. Both LOV1 domains form a dimer in the crystal, in
which the LOV1 monomers associate at the so-called b-scaffold
in an anti-parallel manner, but with different association modes.
Furthermore, we have previously proposed anti-parallel dimer
models for both Atphot1-LOV1 and phot2-LOV1 based on SAXS
[11], which nicely ﬁt into the crystal structures [16]. All the data
consistently imply that both phot1-LOV1 and phot2-LOV2 form
anti-parallel dimers in solution. These results suggest the presence
of phot dimers in vivo in which LOV1 acts as the dimerization site.
Since light did not alter the dimeric structures of either of the LOV1
domains, we propose that they serve as light-stable dimerization
sites.
4.2. Different oligomeric structures between phot1-LOV2 and phot2-
LOV2
In contrast to the dimeric LOV domains, the oligomeric struc-
tures of LOV2 differ between phot1 and phot2. Phot1-LOV2 is in
a dissociation–association equilibrium between monomers and di-
mers depending on the protein concentration, while phot2-LOV2 is
a monomer. The dissociation–association equilibrium of phot1-
LOV2 may explain the discrepancy between the reported dimericstructure of Atphot1-LOV2 [11] and the monomeric structure of As-
phot1-LOV2 [10] in solution.
4.3. Blue light-induced oligomeric structural change in phot1-LOV2
Blue light hardly affects the oligomeric structures of the LOV
domains except for phot1-LOV2. Phot1-LOV2 shows a slight in-
crease in the monomeric form at a protein concentration of
25 lM (Fig. 1C), indicating a possible blue light-induced dissocia-
tion of the dimer that is reversible in the dark. It has been reported
that phot1-LOV2 shows transitions between the monomer and di-
mer upon blue light stimulation based on the transient grating
method [17]. The very small change may reﬂect a transient disso-
ciation of dimers to monomers upon blue light stimulation.
4.4. Blue light-induced conformational change in phot2-LOV2
The present CD spectra results of Atphot2-LOV2 showedmarked
blue light-induced changes in the secondary structure that were
reversible in the dark. Thus far, only two papers have reported
CD spectra of LOV domains. The CD spectra of Atphot1-LOV2 [18]
and Asphot1-LOV2 [19] showed helix-rich spectra similar to that
of Atphot2-LOV2. The ellipticity ratio, h208 nm/h222 nm, of Atphot2-
LOV2 (Fig. 3A) is almost the same as that of Atphot1-LOV2 [18],
suggesting similar protein folding in the LOV2 cores between
phot1 and phot2.
A difference in CD spectra between light and dark conditions
was reported only for Asphot1-LOV2; this is interpreted to come
from a loss of helical structure without secondary structure predic-
tion analysis [19]. The present CD spectra and component analyses
clearly demonstrate that blue light induces strand structure forma-
tion as well as a helical unfolding, while the portions of turns and
unordered structures hardly change. These changes may result in
the compression of the phot2-LOV2 molecules detected by the
crosslinking. These blue light-induced secondary structure changes
are supported by light minus dark Fourier transform infrared (FTIR)
spectra of Adiantum phytochrome3 (neo1)-LOV2 [20]. In contrast
to LOV2, neo1-LOV1 did not exhibit large secondary structure
changes in FTIR spectra [20], which may explain the absence of
conformational changes detectable by crosslinking for the LOV1
domains of both Atphot1 and Atphot2.
4.5. Implications for the distinct roles of the LOV domains
The present results established the LOV1 domains to be a
dimerization site. We have also reported that the LOV domain of
Arabidopsis FKF1, which is involved in ﬂowering, exists as dimer,
probably associating in a similar anti-parallel manner to Atphot-
LOV [21]. The other FKF1 family members with a single LOV do-
main, such as ZTL and LKP2, are expected to form dimers at their
LOV domains given their sequence homologies. Thus, the dimeriza-
tion of LOV domains may have profound importance for all LOV
photoreceptor proteins in plants that convert light stimuli to sig-
nals for intermolecular interactions, such as the homo- or hetero-
dimerization of PAS domains necessary for cellular signal transduc-
tion [22]. In particular, the different association modes of AtLOV1
dimers between phot1 and phot2 [16] could be related to the dis-
tinct light sensitivity between them. In contrast, Chlamydomonous
phot-LOV1 is a monomer both as a crystal and in a solution in
which light irradiation induces rapid dimerization [23]. This also
suggests that LOV1 dimerization has some signiﬁcance in light-sig-
naling in algae.
The diversity of the oligomeric structures in the LOV2 domains
may be related to the distinct roles of phot1 and phot2. LOV2 is
thought to be a major domain involved in the regulation of kinase
activity and light-signaling [8,9]. The different oligomeric struc-
530 H. Katsura et al. / FEBS Letters 583 (2009) 526–530tures of LOV2 between phot1 and phot2 may reﬂect their func-
tional differences through a different intramolecular signaling
mechanism.
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